Abstract. In recent years, with the rapid improvement of the performance of computers, new possibilities for real-time simulation technologies are emerging. In this study, we simulated the behavior of water in real time and combined this simulation with a measurement of the user's 3D motion to simulate the interaction between water and light, as observed in Noctiluca. Noctiluca is oceanic plankton that produces light when physically stimulated. Stirring the surface of water containing Noctiluca in a completely dark place causes the surface to glow, and an observer can gain the mystical and fantastic experience of watching the glow becoming dim with the flow of the water.
Introduction
Simulations based on physical interactions have been widely used in computer graphics to produce animations. In particular, many methods have been developed to visualize fluids realistically simulations; however, the computational cost of these methods have always been high [1] [2] . With the recent developments of techniques for obtaining faster simulations using high performance-computers, it has now become possible to calculate fluid simulations in real time. Therefore, there is a possibility that interactive applications using real-time fluid simulations will be developed soon.
In this study, we simulated the behavior of water in real time and combined this simulation with a measurement of a user's 3D motion; in this manner, we simulated the interaction between water and light, as observed in Noctiluca. Noctiluca is oceanic plankton that produces light when physically stimulated. Stirring the surface of water containing Noctiluca in a completely dark place causes the surface to glow, and an observer can gain a fantastic and almost mystical experience of watching the glow becoming dim with the flow of the water. We use Smoothed Particle Hydrodynamics (SPH), which is a method of particle-based fluid simulation, to simulate realistic water flow. Furthermore, we increased the simulation speed using graphics processing units (GPUs) so that we can receive the response quickly. We also used a stereo camera to measure the 3D motions of inputs such as a user's hand. By using 3D motions as the input data, we can experience "virtual" Noctiluca.
Related Work
Fluid simulation can be categorized into grid methods and particle methods. In grid methods, many grids are needed for exact computations, so it is not suited for real-time applications. In particle methods, Moving Particle Semiimplicit (MPS) [7] and Smoothed Particle Hydrodynamics (SPH) [8] are typical methods. SPH methods are suitable for real-time simulations because of their low computational cost [6] .
For real-time simulations, the growth in computational power of GPUs has materially contributed to their efficiency. GPUs were originally designed for 3D graphics tasks and have also been to speed non-graphic tasks such as cellular automata simulation, particle simulation, solving of linear equations, and so on. Regarding fluid simulation, several studies have been done on increasing speed [9, 10] , and Harada et al. recently proposed a method for SPH on GPUs [11] .
On the other hand, several studies have been conducted on the use of physically based simulations in interactive applications. Cassinelli et al. developed an application in which a user can send portions of a projected image forward or backward in time by actually touching and deforming the projection screen, using a CCD camera [12] . Ariga et al. presented a system to show wind flow, computed by fluid simulation, projected on the screen, and then obstructed by the shadows of observers. Matsuo developed an application that controls a group of brilliant butterflies by operating a glowing ball [13] . No previous studies, however, have examined the same interactions between water and light as we propose here. In this study, integration of real-time fluid simulation and stereo vision has been realized.
Simulation Of Water In Smoothed Particle
Hydrodynamics (SPH)
Governing Equations
The velocity of a fluid is influenced by the forces associated with it, such as pressure, viscosity, and external forces. In incompressible fluids, the density remains constant even with the application of pressure. Viscosity is a force that makes the velocity constant. And the only external force is gravitational force. This indicates that the changes in the velocity of incompressible fluids is dependent on the sum of the forces associated with the fluid . The governing equations for incompressible flow are expressed by the mass conservation equation and the momentum conservation equation as follows
where ρ, v, p, µ, and f are density, velocity, pressure, dynamic viscosity coefficient of the fluid, and external force, respectively. The left hand side of Lagrange's differential equation, indicates the changes in the physical values of the flow. It is expressed by the following equation
The second term on the right hand side of Eq. (2) indicates advection phase. When the fixed grid method is used, we must calculate the parameters associated with the advection phase. This method requires computations by linear interpolation because the grid points have physical values. This leads to serious problems in that the velocity of the fluid decreases to zero and the mass on the surface of the fluid decreases. Simulation with small time steps minimizes the problems, but this is not sufficient these simulations would fail with real-time applications. Lagrange's differential equation indicates the differential calculus on the moving particles. A particle method such as SPH, that problem does not occur because we can calculate the advection phase only by movement of particles.
Discretization
SPH is a particle method in which the fluid is regarded as a group of particle. In SPH, a physical value at a position x is calculated as a weighted sum of the physical values ϕ j of neighboring particles j as follows:
where m j , ρ j , and x j represent the mass, density, and position of particle j, respectively, and W is a weight function. The density of the fluid is calculated using Eq. (4) as
Since W is distant from the position x, the value of W becomes approximately 0. Therefore, W is the sum of the physical values of neighboring particles. In this section, we explain a method to discretize Eq. (2) with Eq.(4). In order to calculate acceleration, we separately compute pressure, viscosity, and external forces. The acceleration is then calculated as a sum of these forces. The pressure on the fluid is calculated using the constitutive equation
where, p 0 and ρ 0 are the pressure at rest and density, respectively. To compute the momentum conservation equation, gradient and laplacian operators, which are used to solve for the pressure and viscosity forces on particles, have to be modeled. The pressure force f press and the viscosity force f vis are computed as follows:
where x i and x j are the positions of particles i and j, respectively. The weight functions used by M uller et al. are also used in this study [6] . The weight functions for the pressure, viscosity, and other terms are designed as follows.
∇W press (r) = − 45
∇W press (r) = 45
∇W press (r) = 315
In these functions, the value is 0 outside the effective radius r e .
Neighbor Search
In SPH, each particle must be used to search for neighboring particles in order to calculate the interaction among the particles. The computational cost of searching for neighboring particles is high when a large number of particles are used.
To reduce this computational cost, a 3D grid covering the computational region, called a bucket, is introduced, as described by Mishra et al. [14] . Each voxel encoded as a pixel in the texture is assigned a 3D computational space. Then, for each particle, we compute a voxel to which the particle belongs and store the particle index in the voxel. If this bucket can be obtained, we do not have to search for the neighboring particles of a particle i because the neighboring particles are present in the voxels surrounding the voxel to which the particle i belongs. 
SPH on Graphics Processing Units (GPUs)
To compute SPH on GPUs, physical values are stored as textures in video memories. The textures of position, velocity, density, and bucket are prepared. A texel of a texture corresponds to a particle, and the physical values of a particle are stored in the texel, as shown in Fig. 2 (a) . Although a bucket is a 2D array, the current GPUs cannot write to a 3D buffer directly. Therefore, we employed a flat 3D texture in which a 3D array is divided into set of 2D arrays. We divided the 3D textures into 2D arrays, as shown in Fig. 2 (b) . The indices of the neighboring particles of a particle i can be found using the generated bucket texture. Using the index of the particle, the position can be obtained from the position texture. The density of a particle i is then calculated by the weighted sum of mass of the neighboring particles, which is then written into the density texture. The pressure can be calculated from the density and position textures. Further, the viscosity force can be calculated from the position, velocity, and density textures. These forces are computed using Eq. (7) and (8) . Assuming that the external force is only gravitation, we can update the velocity, and by using this updated velocity texture, the position is calculated using an explicit
Euler integration as follows:
where x t i and v t i are the previous position and velocity of particle i, respectively. Although there are higher order schemes, they were not introduced because we did not encounter any stability problems. 
Manipulation of a Stream of Water
We used a stereo camera (Bumblebee2, Point Grey Research Inc.) to measure the 3D motion of the user's hands and the parts moved by the user in real time; the 3D coordinates of the point sequence of the object surface are entered into the system. Table 1 shows the specifications of the stereo camera. The stereo camera measures the 3D points by employing the principle of stereo vision. The stereo camera cannot adjust the angle of view because the position of the two lens is fixed. However, the stereo camera can measure without calibration since it has defined parameters of the camera.
Collision Detection
In this section, we explain our method for detecting collisions between water particles, which are simulated by using SPH, and the 3D coordinates of the point sequence on the object surface. The computational cost of calculating the collision detection among particles is high, and hence, we compute it on GPUs as well as SPH. As described in chapter 3, four types of textures are prepared in SPH on GPUs. Further, the texture of the object's position, called object texture, is prepared to compute the collision detection. The positions of the points measured by using the stereo camera are stored in each texel, and the empty texels have a value of 0. By using the object texture, we calculate the positions of the object's points and mapped them into a bucket texture. The collision detection between particles is generally computed in cases where the distance between the particles is 0 or below an optional constant value. Our method of collision detection is decided from each voxel without computing distance. We regard the water particles that are stored in the texel of the mapping object's particles as collided particles. In such a manner, we reduce the computational cost, and the method retains precision because each voxel is sufficiently small. 
Taking into Consideration User's Motion
We also need to consider interference from users on the behavior of water; hence the average of all object positions is calculated for each frame. This is expressed by the following equation
where v t is velocity of the water particle, N and M are the number of points measured by stereo camera, and x is the position of the points. The rate of change in the value is considered to be the speed of the collided water particles.
Result
The system was implemented using a system equipped with a Core(TM)2 CPU and a GeForce 7950GTX. The programs were written in C++ and DirectX, and the shader programs were written in HLSL. The system comprise a PC, which simulates the behavior of water and regulates the overall system, and a stereo camera, which measures the user's 3D motion. Fig. 5 shows the composition of the system. Collisions between the surface point sequence and water particles were detected by the camera, and the water particles that were involved in the collision were made to produce light. In addition, in order to simplify the regulation of parameters for light production, various patterns of light production were developed by using intuitive expressions such as beautiful, mystical, and fantastic. Fig. 6 illustrates a demonstration. Our system was used represent a stream of water by fluid simulation. Furthermore, we adopted sound effects that change according to the number of water particles as well as their speed, using a music visualization system [15] . This system produced synergistic effects with visual sensations and engaged users. Even with such a complex pattern of light production, we realized a frame rate of 10 fps. The system allows users to experience the natural luminescence of Noctiluca.
Conclusion
In this study, we have simulated the interactions of Noctiluca with water by using real-time flow simulations and 3D motion measurement. Although computational cost of fluid simulation is high, we can receive the response more quickly using GPUs effectively. Furthermore we can operate our application intuitionally measuring user's 3D motion with stereo camera. We developed the interesting application, which is not only the sense of sight, but also hearing, by adopting sound effects that change according to the user's input. Using this application, mysterious and fantastic sensations that cannot be experienced in daily life can be felt.
